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INTRODUCTION

On NASA Contract No. NASw-138 the High Altitude Engineering Laboratory
of The University of Michigan's Department of Aeronautical and Astronautical
Engineering has been engaged in the development of rocket techniques and in-
struments for measuring the properties of the upper atmosphere. Two msjor
lines of investigation have been pursued: the measurement of neutral composi-
tion with mass spectrometers, and the measurement of neutral density with fall-
ing spheres.

The purpose of the work described in this report was to develop an inex~-
pensive technique for probing the atmosphere at relatively high levels using
a lightweight sphere to be tracked by radar. It was anticipated that in order
to satisfy the cost requirement, the sphere deployment system should be com-
patible with rocket payloads designed for other functions. Two such systems
were developed and successfully flown on Nike-Cajun rockets,

The first system employed dual pods, which were arranged on the Cajun teil
section for rearward deployment of two inflatable spheres. The nose cone pay-
load of this rocket contained an instrumented T7-in. sphere for air density
measurement equipped with accelerometer and telemetering. The second system
employed a single tube in the Cajun nose cone for forward deployment of a
single inflatable sphere. In this system, the nose cone also carried the
principal payload of the rocket, 11 grenades for the measurement of winds
and temperature, an experiment of GSFC.



I. DETAILS OF ROCKET FLIGHTS

Table I summarizes four rocket flights at Wallops Island, Va., two of
which resulted in data which have been processed to obtain pressure, density,
and temperature profiles.

Each of the sphere envelopes was manufactured by the GT Schjeldahl Co.,
which also provided the isopentane capsules for releasing inflation gas.
Two sphere designs were used, l-m-diam sphere with metallized internal cor-
ner reflector {see Fig. 3), and a 4-ft-diam sphere with metallized envelope.
Studies of the radar characteristics of the two targets did not conclusively
indicate which one should be selected, so both were tried. The corner re-
flector design has had extensive use in the ROBIN program directed by R.
Leviton and J. Wright of the Air Force Cambridge Research Laboratories.

Figure 1 shows dual pods arranged on a Cajun tail for aft deployment.
Each sphere envelope was tightly packed in its tube between staves of phe-
nolic material. Envelope and staves were ejected through the end of the
tube by a charge of black powder ignited 110 sec after launching by a pyro-
technic fuse. The ejection system was manufactured by the Zimney Corp.

Rocket 10.50 carried one each of the two sphere designs. The two ejections
were made at approximately the same time. The radar acquired the corner
reflector, which was the larger target, and it was tracked until deflation

at approximately 38-km altitude The second sphere was then acquired but not
tracked.

Rocket 10.50 also carried The University of Michigan 7-in. sphere equipped
with accelerometer and telemeter.l This instrumentation was developed under
the direction of H. F. Schulte; the work was supported by Air Force Cambridge
Research Laboratories. The T7-in. sphere was ejected at approximately 48 sec
at an altitude of 57 km. Upleg data as well as downleg data were obtained
down to an altitude of U6 km, at which altitude the telemetered signal be-
came too small for recovery of data. The difficulty was believed to be due
to antenna breakdown caused by the formation of an ionized plasma at this
altitude.

The second application of the inflatable sphere system was an integra-
tion with rocket-grenade payloads. The rocket grenade program is presently
under the direction of W. Nordberg and W. Smith of the Goddard Space Flight
Center. Wind and temperature are measured by the rocket-grenade system,
which is based on the principle of sound propagation.2 In the current ver-
sion of this application, 12 grenades are carried in a Cajun nose cone. The
grenades are ejected from the rocket and exploded at intervals on the upleg
portion of the trajectory. The time of arrival of the sound at the ground
is detected by an array of microphones. The grenade nose cone (see Fig. 2)




has nine short mortar barrels in the outer circle for small grenades and three
long barrels in the center for large grenades. In the present application the
sphere package replaced one of the large grenades. The design and testing of
the sphere package for the grenade payload was done under the direction of

H. F. Allen of our laboratory.

Difficulties were encountered with sphere deployment on the first two
flights. On 9-16-1961 the sphere was tracked but was apparently in an unin-
flated condition. On 3-23-1962 the sphere was not acquired by the radar.

The apparent source of trouble in both flights was failure of the gas capsule
to release isopentane. The capsule release mechanism was modified and a suc-
cessful deployment was achieved from Rocket 10.43 on 6-6-1962. The grenade
system telemetering failed on this flight but it was possible to recover the
information needed for grenade data reduction from radar data. The sphere in
this case was again the corner reflector design. No data were obtained for
the metallized sphere design.




II. DATA ANALYSIS PROCEDURES

The aerocdynamic drag equation is fundamental to the falling sphere system
for air density measurement:

D = 5 (Cpo)v (1)

The velocity V in Eq. (1) is the velocity of the sphere relative to the air
through which it falls. A method of deriving atmospheric density based on
this equation for a sphere falling through still air will now be developed.

The energy dissipated by drag on a sphere falling from upper altitude z
to lower altitude zy may be found by integrating drag force, Eq. (1), with
respect to distance-along the trajectory:

Sl ﬂ,SlA
AE = f Dds =j > (Cpe)veds (2)
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Su Sy

On the other hand, energy dissipated can be equated to the change of the sum
of kinetic energy and potential energy of the sphere between altitude 2z, and

Zp:
AE = m(APE + AKE) (3)

In Eq. (3) both PE and KE are the energy per unit mass and m is the mass
of the sphere. These equations are used to compute mean value of the product
of drag coefficient and air density between appropriately chosen levels z;
and zp:
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The mean square velocity given by Eq. (5) is exact when acceleration is con-
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stant; when it 1s not constant, Az should be sufficiently small to insure a
satisfactory approximation. The density formula is derived from Egs. (3)
through (6):

AKE

— gg APE + ( )
A VUt T

Cpp =

In the presence of a force due to gravity the change of potential energy
per unit mass is equal to the force, g, times the change of altitude. The
buoyant force is also vertical; consequently its effect on the sphere's motion
can be accounted for by an additional term in the potential energy formula.
The buoyant force is equal to the mass of air displaced by the sphere times
the local value of gravity acceleration. The formula for change of potential
energy then becomes

AN
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APE ( - m)Az
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where pg is the mass per unit volume of the sphere. Buoyancy is an important
effect only at the lowest altitude, where air density becomes as large as &
of sphere density. Since air density appears on each side of Eq. (7), itera-
tions are required. Gravity acceleration at altitude is derived from gravity
at zero altitude by the inverse square law:

(, 2

Te

g = go\re+z> (9)
where Te is the earth's radius.

The drag coefficient Cp is a function of two aerodynamic parameters:
Mach Number and Reynolds Number. In order to compute atmospheric density
profiles CD data are needed over a wide range of Reynolds Numbers and sub-
sonic and supersonic Mach Numbers. The sources of these data are discussed
in Appendix A.

The application of Eq. (7) involves double differentiation of radar
position data since the derivation of velocity requires one differentiation
and a second is involved in AKE.

Velocity is derived by a least-squares fit of a parabola to each of the
radar coordinates—range, azimuth, and elevation,which are functions of time.
The extent of the data used to determine velocity was defined by the altitude
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parameter Azy. The spacing of the energy levels z, and 2y 1s defined by the
altitude parameter Aze. Different values of Az, and Az, are used at different
altitudes. The proper choice of values was studied in some detail and is de-
scribed in Appendix B. Altitude was preferred over time as a smoothing param-
eter since its physical significance is more readily interpreted. The ability
of the system to resolve fine-detail atmospheric structure may be improved at
the expense of increased scatter by decreasing the amount of smoothing. It was
felt that an appropriate amount of smoothing could best be chosen through a
consideration of the altitude and altitude interval. Since the sphere velocity
varies so widely in different parts of the trajectory, the specification of time
interval was thought to be a less satisfactory approach.

The FPS-16 radar data were provided at a rate of 10 data points per sec-
ond. At low altitude the sphere falls at a slower speed so that a larger
number of data points appears within a given altitude interval; therefore
more data were available than were needed. Since a considerable amount of
computer memory is required for storage, the data were condensed by taking
l/2-sec averages of the l/lO-sec data below 57 km.

Equation (7) was used to compute a list of values for Cpe at approximately
1-km levels from the lower level,where the sphere was collapsed, to the high-
est level where results could be obtained. The precise level of the Cpp de-
termination was the level of the radar data point which fell nearest an in-
teger kilometer altitude, the differencebeing at most 50 m.

Drag coefficient Cp was then found by entering the drag coefficient

function with Mach Number M and the product of drag coefficient and Reynolds
Number CpRe

(10)

ol

and

(CDD)Vd
CpRe = —(— (11)

The speed of sound ¢ and the viscosity u were derived from U.S. Standard At-
mosphere, 1962. Using the drag coefficient found in this way, a list of den-
sity values at approximately 1-km levels was derived. The pressure at each
kilometer level was then found by integrating the barometric equation

AP = -pghz (12)

The mean density between levels z, and Zn+1 was calculated using the logarith-
mic formula




Pr+l = Pn (13)
p = —
1n Pn+l

Pn

The integration was downward from the highest level of 110 km where the pres-
sure was assumed to be zero. A temperature profile was then derived using
the gas equation of state

¥*p
. (1b)

Where R¥* is the universal gas constant and M¥ is the molecular weight also
assumed to be constant. Except at the highest levels, the temperature profile
obtained in this way was believed to be a better source of speed of sound and vis-
cosity data than U.S. Standard Atmosphere, 1962, which was used in the first
determination of Cp. Therefore iterations were performed. Above 90-km alti-
tude, Standard Atmosphere temperature was used; for altitudes between 40 and
90 km the derived temperatures averaged over 4 km were used; and below 4O-km
altitude the derived temperatures were used without bpeing averaged. Iterated
drag coefficient, density, pressure, and temperature profiles were then com-
puted. Iterations were continued until the largest temperature change at any
level was smaller than 1°K.

The influence of atmospheric wind on the sphere trajectory depends on al-
titude. In order to discuss wind and other factors it is useful to define
(roughly) three regimes of the trajectory of a lightweight sphere falling from
a maximum altitude of 150 km:

1. High altitude. Above about 95 km drag accelerations are less than 1 g.
Above about 80 km, velocity is greater than twice the sound speed. Maximum
Mach Number is 3.7 at about 95 km. Subsonic velocity occurs only at an extremely
high altitude, where the system is insensitive to air density.

2. Middle altitude. Maximum drag acceleration is about 4.5 g at about
80 km. Sonic Mach Number occurs at about 70 km.

3. Low altitude. Below 70 km drag force and gravity force are approxi-
mately equal. The velocity is subsonic.

The second sphere deployed from the lower altitude of 120 km follows a
similar pattern. More specific details of the two trajectories are plotted
in Figs. 4, 5, 6, and 7.

In the high altitude regime the sphere velocity is large compared with
expected atmospheric wind velocity. At the more extreme high altitudes gra-
vity has a greater influence on the trajectory than the drag force. At high
altitude, therefore, the sphere is not a useful sensor of winds, and the

7




total velocity of the sphere is used in the density formula [Eq. (7)].

At low altitude, the lightweight sphere tends to be carried along by
horizontal wind so that the relative horizontal wind tends to become zero.
For this regime, therefore, the vertical component of sphere velocity is used
in the density formula [Eq. (7)].

The vertical component of velocity is calculated by the formula

2 = rcosB+resinpB (15)

where B is the angle between radar line of sight and vertical at the sphere.

(16)

where r, is the earth's radius.

Table II shows that there is a relatively broad range of altitude in which
either method is applicable since the total velocity and vertical component
differ by less than l%. The favorable geometry is due to the large drag accel-
erations, which tend to annihilate the horizontal motion and leave the sphere
in a vertical trajectory. Although the lightweight sphere is a useful sensor
of horizontal winds, the analysis of winds on these two spheres is incomplete
and is not reported at this time. The presence of variable horizontal winds
has a slight influence on the vertical motion of the sphere. This effect is
discussed in Appendix C. At low altitude, the influence of vertical wind on
the motion of the sphere is larger and cannot, unfortunately, be separated from
density effects. The error in density measurements due to vertical wind de-
pends on sphere velocity and is also discussed in Appendix C.




I1I. DISCUSSION OF THE FROCESSED DATA

In Fig. 8 the density profiles derived from flights 10.50 and 10.43 are
compared with those given in U.S. Standard Atmosphere, 1962. Tables III and
IV exhibit the tabulated values. The smoothing parameter Azy was varied from
1 km at lowest altitude to 6 km at the highest altitude. The same variation
of Azy was used for each flight., In each case Aze was made equal to Bzy. No
absolute standard for choosing smoothing parameters was found. As altitude
increases, the derived density data tend to become more scattered. An increase
of the smoothing parameter sufficient to control the scatter at the different
altitudes was selected after examining the results of alternate choices. Some
general considerations applicable to the choice of smoothing parameters are
discussed in Appendix B, and specific examples are given.

The density profiles showed no radical departures from those of the U.s.
Standard Atmosphere, 1962 except at altitudes in the neighborhood of 105 to
110 kxm. At this extreme altitude it was felt that the system could not be re-
lied upon because it lacked sensitivity to the small drag forces that perturd
the trajectory.

It is of interest that the data yielded by the 10.43 sphere, which fell
from a peak altitude of 120 km, were comparable to those yielded by the 10.50
sphere which fell from a peak altitude of 150 km.

At low altitude, the sphere finally descends to a level where the ambient
pressure is greater than the internal pressure maintained by the isopentane
gas. A collapsed sphere appears to have much greater drag than a filled
sphere, so that there is a sharp departure from the normal density profile.
This departure can be readily seen on the plots. A second indication of col-
lapse appears on the chart of radar automatic gain control voltage {see Fig.
9). The chart of an inflated sphere whose reflector is erect has a character-
istic pattern. Smooth and irregular portions alternate as the sphere ro-
tates and changes its aspect with respect to the radar. At 500 sec, the 10.50
sphere can be seen rotating at a faster rate than the 10.43 sphere. When the
sphere has collapsed, an irregular pattern is always seen. The automatic gain -
control (AGC) charts indicate deflation at 770 and 970 sec for Flights 10.50
and 10.43 respectively; these values agree well with the break that appears on
each density profile. Figure 9 shows the AGC trace for each of the two spheres
when normally inflated and when deflation is believed to occur. It should be
noted that deflation time need not be pinpointed very closely in order to get
good results since an error of the order of 40 sec when the sphere rate of
descent is 25 m/sec results in an error of only 1 km for altitude of deflation.
The AGC method has the advantage of being independent of aerodynamic effects.
If the sphere were caught in a severe gust of vertical wind, the calculated
density profile might be sufficiently distorted as to be unreliable.




Flight 10.50 also carried a T-in. sphere equipped with accelerometer and
telemeter. This sphere instrumentation which is described in Ref. 1, is similar
to the instrumentation described in Ref. 3 except that basic changes in ac-
celerometer design and data encoding were made in an effort to improve sensi-
tivity to small accelerations. The data were processed by the methods reported
in Ref. 3, except that the new drag coefficient data reported in Ref. 4 were
used. The processed data for the 7-in. sphere are shown in Tables V and VI.

The density profile derived from the 7-in. sphere (see Fig. 8) shows an in-
creasing departure from the standard atmosphere as altitude increases. The
data appear to be abnormal. There were no indications of malfunction of the
sphere instrumentation that would influence acceleration measurement. Un-
fortunately, two other spheres of this design were lost due to rocket vehicle
failures. Since the 7-in. sphere was the only one of its design to perform
in flight, the data associated with it do not have the validity of those as-
sociated with a proven system.

In Fig. 10 the temperature profiles derived from Flights 10.50 and 10.43
are compared with those given in U.S. Standard Atmosphere, 1962. The tempera-
ture profile derived directly from the density and pressure profiles shows some
scattered data. Average temperatures are also plotted from the derivation of
an arithmetic average of five temperatures bounding a L4-km layer.

Also plotted in Fig. 10 are the temperatures derived from the grenade payload
of Flight 10.43. Eleven grenade explosions spaced at approximately 5-km levels
yielded the ten average temperature points ranging from 46 to 93 km. The sphere-
derived temperatures from L6 to 60 km are 10 to 20° higher than the grenade tem-
peratures. From 69 to 85 km the agreement is better. The sphere data points
are spaced closely enough to permit measurement of fine structure such as the
minor temperature maximum at 78 km.
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APPENDIX A

SOURCES OF Cp DATA

The drag coefficient of a sphere depends upon two aerodynamic parameters:
Reynolds Number and Mach Number. Figure 11 is a plot which shows how these
parameters vary in the trajectories of the two inflated 1-m spheres of Flights
10.50 and 10.L43, and in the trajectory of the 7-in. instrumented sphere of
Flight 10.50. At high altitude, where the Mach Number of the inflated spheres
is supersonic, measurements of drag coefficient show little if any effect of
Mach Number. The recent measurements of Ashkenas? and Ashkenas and Wegener6
were especially relied upon for the supersonic drag coefficients used for sphere
data processing. Figure 12 shows the measurements reported in Ref. 5; the
curve drawn through these data is the one selected by the present writers for
the purpose of sphere data processing.

At low altitude the motion of the sphere becomes subsonic. In this re-
gime, very extensive falling-sphere measurements have been made with the ROBIN
system developed by Air Force Cambridge Research Laboratories under the direc-
tion of R. Leviton and J. Wright. Determinations of drag coefficients for this
program have been made by H. Heinrich.T Jmportant Mach Number variations are
indicated in this regime.

The supersonic and subsonic drag coefficient functions derived from these
sources are believed to be quite accurate. In the transition area from subsonic
to supersonic Mach Number, the drag coefficient increases by a factor of two.
Unfortunately, data for this area are more scanty. The measurements made by
A. May~ at low supersonic Mach Numbers were used here. Fortunately, the tran-
sonic Mach Numbers occur in a relatively narrow range of altitude near 70 km.

The Mach Number and Reynolds Number are defined by the equations

(A-1)

0\l

Vd
Re = 2= (A-2)
mn

In the case of falling spheres, the unknown guantities are speed of sound c,
density p, and viscosity u, since the velocity V is derived from radar data
and the sphere diameter 4 is known. Density and viscosity can be found for
Eq. (A-2) by an iterative procedure. An alternative scheme is to introduce
the new dimensionless parameter CpRe defined by

11




(CDO)Vd
CpRe = — (4-3)

v

The product Cpp can be derived directly from the radar data and a fair approxi-
mation to the viscosity can be derived from a standard atmosphere table. If
more precise values of ¢ and p are needed, iteravions are required, The param-
eter CDRe was used in the present data processing. All Cp data were cross-
plotted in order to introduce CpRe in place of Re. Table VII defines the Cp
function. Linear interpolation was used to derive drag coefficient at any
Mach Number and Reynolds Number.

12




APPENDIX B

CHOICE OF SMOOTHING PARAMETERS

A number of general considerations govern the proper choice of the two
smoothing parameters Az, and Az,, which must be specified when the energy
method is used in calculating air density. In the low range of altitudes,
the choice was not difficult since l-km values of Azy and Az, were suffi-
ciently large so that the scatter was not severe. On the other hand, the
1-km value is sufficiently small to reveal fine structure of the atmosphere.

At high altitude, the smoothing must be increased in order to suppress
scatter in the processed data. Some criterion of a reasonable upper limit is
needed.

Atmospheric density profiles are, of source, approximately exponential.
In this case the density is given by the formula

(B-1)

where H is the scale height. Typical values of scale height in the atmosphere,
which depend on the temperature, are 5 to & km. It is of interest to compare
the average density p over an altitude interval Az with the density py at the
center of the interval. The ratio, derived from Eq. (B-1) is given by the
following formula:

o 2H i Az
oo - bz 1™ \%y (B-2)

Figure 13 is a plot of Eq. (B-2), which shows that if Az = H, p ex-
ceeds py by about h%. When data are recovered from trajectory analysis, the
product CDp rather than p is measured. Since the variability of p is much
greater than the variability of Cp, the product Cpo is also approximately ex-
ponential so that Fig. 13 is applicable. An exception to this rule is near
Mach Number 1 where Cp changes quite rapidly. It was decided that at high
altitude, smoothing parameters as large as one scale height could be used.

The sphere velocity can be found by resolving three orthogonal compo-

nents associated with the radar coordinates range, elevation angle, and azi-
muth angle.

15




dr

r dt
de
Ve = r3% (B-3)
do
Va = I COs at

Each of the angle derivatives were found by a least-squares fit of a second-
degree polynomial to the position data using all the data within the altitude
interval Az, centered at the required altitude. For deriving range component
of velocity, an altitude range of 1/2 Az, was used. The smaller altitude in-
terval was selected because the FPS-16 range data are more precise than the
angle data, particularly at long range. Accuracy specifications often quoted
for this radar are 5 yards in range and l/lO-mil in angle. These specifica-
tions imply that the range component of position error is independent of range,
that the angle component of pousition error is proportional to range, and that
the two are equal at a range of 50,000 yds. The range of the sphere at the al-
titude where greatest smoothing is required is more than 100,000 yds. On this
basis, the smaller value of 1/2 Az, was selected for the range component.

In order to study the effect of the Az, parameter on the derived veloc-
ities, data from Flight 10.50 were examined in detail at two specific altitudes:
80 km, where the drag is largest, and 105 km where the drag is small. The
frequency of the data was 10 data points per second in both cases. Figure 1k
shows that the velocity changes little for a wide range sz. A practical mini-
mum value for sz at 80 or 105 km would appear to be somewhat greater than 1 km.
The sphere falls quite rapidly at these altitudes so that only 8 or 10 data
points are provided by the radar in 1-km altitude interval. Figures 15 and 16
are similar plots in which the range and elevation angle components of velocity
are shown. The azimuthal component of velocity is very small at 80 and 105
km. Figures 17 and 18 show how the computed values of Cpp vary with the param-
eters sz and Aze at altitudes of 80 and 105 km.

The final choice of Azy and Aze as a function of altitude was made after

examining several density profiles computed using different values for these
parameters.,

1k




APPENDIX C

EFFECTS OF WINDS

Analysis of the motion of a sphere falling through still air of constant
density and velocity £ into a layer of uniform horizontal wind w, although a
simplification, will yield a number of points of interest. Above the shear
layer the drag is

1 N
D = > ACDpZ2 (c-1)

Below the shear layer, the drag is larger and is inclined from the vertical an
angle &:

D = Zacpe [+ (w-)7) (c-2)

Z

cos & = m (Cc-3)

where x = O when t = 0. The vertical component of drag is
1 . /- .
Dcos & = 5 ACpp z 22 +(w-x)2 (c-4)

The effect of a horizontal component of relative wind is therefore to increase
the vertical component of drag. If the wind is small compared with the rate
of descent of the sphere, the change of drag will be small since the function
is a square root of the sum of squares. For example, a horizontal wind com-
ponent of 14% of z is required to increase the vertical component of drag by
1%. In addition, the perturbation on the vertical drag is a transient condi=-
tion that tends toward zero as the sphere responds to the horizontal wind.
Horizontal components of drag force and acceleration are eguated in order to
derive the transient equation

aCp Ji© + ()T« (w-%)

ACDp é( W-}‘()

g,
1l
-

(c-5)

103

-
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The time constant of this first-order equation in X is seen to be

2m
ACDpi

te = (c-6)

Below about T0-km altitude, where wind effects are most important, the equa-
tion for time constant can be simplified by the approximate equation

A .
mg = 3 Cpez? (c-7)
Equation (C-6) becomes
z
te = r (c-8)

The change of altitude associated with the time constant is

ég
bzy = zt, = :;‘ (c-9)

Below 70-km altitude and above the altitude of sphere deflation, z varies from
about 250 m/sec to 20 m/sec; therefore the time required for relative hori-
zontal wind to decay by a factor l/e varies from about 25 sec to about 2 sec.
The altitude parameter Az, varies from 6 km to 40 m. It is believed that only
an extraordinary field of horizontal wind would lead to significant errors in
the computed density.

The effect of vertical wind on the determination of air density can be
seen by considering the drag equation for a vertically falling sphere:

D = 2 Acped” (c-10)
By differentiation,
daC >
db D de dz
D = CD + 0 + 2 % (C_ll)

For small errors, then, the percent error in density is the same as the per-
cent error in drag coefficient, and is double the percent error in vertical
velocity. If the error in vertical velocity is due to an unknown vertical

16




wind component w5, then az = Wy. At high altitude where the sphere falls at

a rate of 1000 m/sec, the density error due to a l-m/sec vertical wind is
0.2%. At 70 km and 30 km, the errors are 0.8% and 10% for typical sphere
velocities. If large vertical wind velocities are present and persist over

a broad range of altitude, the possibility of a significant distortion of the
derived density profile is present. At higher altitude, where larger vertical
winds might be expected, the large sphere velocity tends to decrease errors
due to wind.
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TABLE IT

VELOCITY RATIO VS. ALTITUDE

) 10.50 10.k43
v z z/v v 2 2/

80 2296 22kl 976 1933 1873 .969
79 2104 2057 .978 1822 177k 973
78 1869 1832 .980 1736 1694 .976
77 1662 1638 .986 1600 1561 .976
76 14553 1439 990 1456 - 1Lk30 .982
[P 1235 1226 993 1321 1507 .990
Th 1061 1058 997 1161 1152 .992
T3 912 912 1.000 1017 1017 1.000
T2 810 810 1.000 913 913 1.000
71 67 765 .998 826 82k .997
70 151 ref 996 799 195 993
69 685 678 .990 751 Th2 .988
68 673 661 .983 43 731 .984
67 631 623% .988 705 692 .982
66 595 585 .983 687 671 .976
65 ST 565 979 Elkt 629 .978

v - total velocity, fps
z - vertical component, fps
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ALTLT

KM,

PROCESSED DATA, FLIGHT 10.50, l-m SPHERE

NO [TERATION

DENSITY

LM/7CUMy
-J0LU4
«00Cu3
-000C09
L0013
-u0u1l6
«00C14
~u0017
BDIV S
L0022
300206
SU0U3T
+U0LC5>
L0CrT7
.00083
+001L6
“J0132
«UULSY
+001¢>
~UG213
U233
«uG360
«003993
+00504
00756
~U0634
-00670
.0lCle
«Jblgy
01517
+01897
.J2263
-02843
03282
03772
-U4638
«05400
~us187
.061739
8676
«J9700
+11962
«15%020
. 14465
«1874¢2
.18895
«21128
«20931
«26163
«262B7
«32991
.32713
. 38446
.43728
«30714
.57569
+63540
«69221
77247
.87628
1.00714
1.17198
1.29430
l1.44004
1.64620
1.3593C
2.15720
2.43163
2.73504
3.16779
3.ol21y
4.1854C
9.03837
6.29106
9.30749
14.62C74
17.72569
19.06564
20.64552

PRESSURE

“IL1BARS
+000G0Y
.0000C4
«000V0?
.000C21
- 000037
.000052
. 0000606
~U0uGH2
«000u99
LU00t23
.000151
SUQul9?
«U0024%7
LL0U331L
000422
«L0054!L
.00ubT4
- 000824
+L01010
.00129%
+001952
.001932
002382
U029 T
~CO3T79
« 004547
« 00354485
«U0GS4]L
+007891
-0094113
«Uli513
«U13963
«016840
«020234
«024134
«029036
~034603
« 040696
«Vbousd
056767
«0617330
.U80136
«094173
< 110152
-128324
«l4t216
+ 167436
«190035
.Z215366
«243569
.275381
+309663
-3489C8
394371
< 446097
-506330
+564780
«0638165
713649
«Bl0042
«913910
1.034833
t. 1641706
1.31u366
1.4828¢17
1.679631
1.6971367
2.150594
2.829521
2.1571994
3.145530
3.5844069
4.135129
4.872131
6. 0063006
7.578454
Y.380127
11.297326

PERFCRMED ABOVE 90 KV,

TABLE III

TEMPLRATURE

DEG.KELVIN
*AW  SMUOTH
L 0]
38 V]
34 39
41 t5
81 84
130 115
134 130
191 155
155 157
163 159
141 140
126 136
116 131
131 131
139 136
143 146
152 153
165 156
165 158
155 162
15v 156
169 151
141 151
13¢ 158
158 162
183 171
183 180
190 183
181 182
173 178
177 176
170 177
179 179
187 181
179 185
187 192
19% 193
210 198
193 200
204 198
19¢ 201
186 203
2217 210
205 219
237 238
243 243
279 259
253 263
285 273
257 274
293 219
28u 276
278 278
271 275
266 276
278 218
286 281
288 284
286 282
280 281
272 280
219 278
282 217
211 217
278 216
271 274
212 212
274 210
2617 268
266 263
262 254
248 237
229 213
182 190
143 11y
149y 167
172 0
191 4]

21

VELOCTY

rM75CC
2979
3000
3036
© 3058
3090
3128
3150
3176
3202
3215
3239
3267
3278
3292
3302
3298
3303
3311
3294
3271
3243
3233
3172
3131
3083
2984
2858
2742
2616
2483
2295
2096
1895
1671
1467
1272
1084
946
842
769
124
688
648
616
583
558
560
518
492
464
439
421
393
368
339
319
304
288
271
252
233

UNSMOOTHED TEMPS USED BELUW 40 KNM.

MACH

NO.
2.81
2.85
2.32
2.97
3.03
3.10
3.0
3.21
3.28
3.33
3.39
3.49
3.48
3.52
3.56
3.59
3.62
3.65
3.67
3.67
3.95
4.00
3.32
3.79
3.69
3.47
3.24
3.08
2.95
2.83
2.63
2.39
2.16
1.89
1.64
1.40
1.19
1.02
91
.83
-78
-73
68
-63
57
.54
.51
49
45
.43
40
.39
-36
.34
.31
.29
.28
.26
<25
.23
.21
«20
19
.14
17
15
.l4
.14
-13
.12
11
.10
.09
<09
.37
.07
.00
+05

CORE

16
26
24

rad
24
34
39
53
72
96
1Cy
127
154
177
198
235
32
421
473
657
788
833
8CO
852
941
1125
1339
1479
1664
17C4
1674
1723
1613
1508
1353
1117
1021
1076
1186
10C3
1148
1004
1045
942
1095
1068
1176
1065
1221
1280
1405
1475
1510
1558
1639
1757
188¢
2040
2130
22171
2433
2590
28ts
29¥F 7
3213
3474
377
41t9
4701
5646
B4b4
1297e
136C1
12334
11631

co

3.494
3.623
2.857
2.432
2.478
2.550
2.409
2,476
2.241
2.148
L.979
1.817
1.689
1.640
1.578
1.5067
1.460
1.424
1.380
1.319
1.262
1.244
1.199
1.176
1.169
1.173
1.167
1.156
1.138
1.121
1.111
1.096
1.082
1.05%9
1.023
«988
950
.917
« 666
«591
544
-508
+486
<468
«459
455
=450
442
<440
<433
+431
428
«427
427
=426
426
426
. 427
-427
«428
+429
«430
«432
«434
436
.43y
<440
2443
446
« 449
<453
458
Y
<479
-489
«489
-488
-487



TABLE IV

PROCESSED DATA, FLIGHT 10.43, 1-m orilk’E

NO ITERATION PERFORMED ABOVE 90 KM. UNSMOOTHED TEMPS USED HELOW 40 KM,
aLTIT DENSITY PRE SSURE TEMPERATURE VELOCTY MACH CDRE co
DEG.KELVIN
KM, CM/CU.M MILIBARS KAW SMOQOTH M/SEC NO.

L10 .00009 « 0000QUY 0 o 1640 1.54 9 3.386
109 .0001L1 « 00000y 29 U 1699 l.61 11 3.165
108 «000t0 + 000013 67 67 1757 1.69 11 3.198
107 «00007 000028 130 92 1817 1.76 9 3.390
106 00012 »000037 107 110 1868 1.83 13 3.007
10% L00013 «00u04Y 129 111 1914 1.90 15 2.915
104 0001y 000064 1nr 12 1961 1.96 20 2.625
103 <0004 . 000092 72 119 1994 2.02 39 2.143
102 00034 «00U129 133 123 2052 2.10 33 2.259
ot LU0USY .000U163 143 134 2102 2.18 39 2.151
100 +0004&T +000205 150 158 2141 2.24 46 2.054
99 00052 .00U253 170 174 2180 2,30 50 2.002
94 00055 .000304 192 178 2216 2.36 54 1.965
917 +Q0UsS7 LU0U355 216 177 2238 2.40 51 1.940
96 «00092 . 000428 161 174 2218 2.46 85 1.743
95 «00125 < 000530 147 168 2310 2.51 110 1.632
L23 00150 «000661L 154 155 2333 2.56 130 1.569
93 00177 .Q0u820 161 153 2357 2.60 152 1.511
92 00234 +00100% 150 154 2371 2.64 193 1.432
91 .u0287 «U01264 154 158 2376 2.67 233 1.383
90 ~ub362 «001560 150 155 2382 2.91 32¢ 1.307
89 00387 L001915 172 154 2400 2.94 347 1.294
88 U095 7 +002381 149 156 2385 2.91 413 1.244
87 L0708 . 002966 146 158 2369 2.81 577 1.216
86 L0U793 .003667 161 157 2343 2.84 636 1.203
85 00989 .004527 160 163 2305 2.74 T40 1.183
84 .01141 +00955%6 170 169 2241 2.62 799 1.174
83 LU1304 «U006Y9 T 179 174 2183 2.52 859 1.166
82 wlbl? -008111 175 182 2107 2.37 973 1.147
Bl ~ul80Y «009722 188 192 2027 2.23 992 1.139
80 020048 .011526 200 197 1937 2.10 1023 1.130
19 02184 <013579 217 199 1837 1.98 1033 1.117
78 02687 «01%8¢3 205 200 1714 1.84 11%2 1.091
17 43528 018792 186 197 1603 1.74 1389 1.058
160 U4U4D .022420 193 190 1466 1.62 1472 1,035
7% JUSG3T «026805 185 188 1317 1.46 l6C4 1.001
14 w6207 032174 181 194 1177 1.28 1654 .963
73 206751 .038277 198 197 1045 l1.13 1531 «934
72 JuT329 045227 215 198 927 1.00 1423 « 906
71 +uBlE9B «052762 207 199 854 .32 1233 +705
70 «11319 «062436 192 211 785 .82 1139 .585
69 . 140%0 074663 185 212 742 77 1234 542
68 L11798 .0868132 256 219 717 T4 923 .513
o7 15722 L0999713 222 225 700 «7T1 1139 <498
349 L6912 < 115804 239 238 6568 -1 1071 <478
65 L2104 2133689 222 237 634 63 1233 « 465
64 .21280 + 154081 252 245 600 58 1138 «459
¢l .24529 «170252 250 250 573 «55 1215 <454
62 . 26938 +20UB44% 260 261 543 51 1204 LT
6l £ 29790 «221981 2617 263 517 «48 1238 « 440
60 32510 .2581>8 276 270 492 <46 1253 «436
59 . 38506 292062 264 273 464 <43 1371 432
58 +40321 .329832 285 275 438 <40 1338 429
57 47436 .372356 273 215 414 .38 1480 426
56 .52654 .419587 278 278 384 .35 1526 426
5t .60321 475216 274 217 363 .33 1637 427
54 +660610 .534911 280 279 341 .31 1691 427
53 JT4447 602953 282 281 322 .29 1777 427
52 .83501 .678021 283 281 303 .28 1882 428
51 .93248 765822 286 281 285 <26 1978 428
50  1.10784 . 865000 272 280 263 .24 2186 .431
49 1.20715 «973%09 281 280 246 22 2234 <431
48 1.38307 1.097613 276 278 233 o21 2448 $434
47 1.52543 1.240621 283 280 218 20 2514 «435
46 1.74985 1.398556 2718 280 205 .19 27217 <437
45 1.93894 1.576430 283 279 192 .17 2852 -439
44 2.22806 1.778487 278 215 180 106 312% 442
3 2.58611 2.010547 271 2713 165 «15 3376 S U4dS
¥2 3.00679  2.278055 264 2710 153 .14 3685 .448
41 3.35%64 2.587341 269 267 143 .13 3916 <450
40 3.79961 2.935u85 269 265 135 .13 4223 .453
39 4.43974 3.329899 261 264 124 .12 4621 457
38 5.U8949 3.795%622 260 261 115 .11 4965 460
3. ».78227 4.318292 260 256 107 10 5286 $462
35 6.17239 4.930118 254 252 98 <09 5859 J467
35  8.01%32 5.641495 245 245 90 .09 6562 471
34 45T 6.484120 239 239 a2 .08 7282 <475
33 11.51630 7.502120 221 234 73 .07 8349 -479
32 13.04915 8.686329 232 223 69 .07 8715 <480
31 15.5216% 10.067806 226 0 63 <06 9705 <483
30 21.80934 11.880705 189 0 52 <06 13197 489
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TABLE V

PROCESSED DATA, FLIGHT 10.50, 7-IN. SPHERE, UPLEG TRAJECTORY

Processed Data
Seven Inch Sphere Flight 10. 50
Up Leg Trajectory

TIME DRAG  VELOCITY VELOCITY ALTITUDE ALTITUDE DRAG DENSITY DENSITY PRESSURE PRESSURE TEMPERATURE
SECONDS ACCEL VERTICAL HORIZONT, FEET METERS COEFF, SL/CU FT KG/CU M. LB/5Q FT DYNES/CMZ F
189.75 .000 950. Lol3hp, 150676,
78.13 .088 3428, 980. 303550. 92522, 1.k99  .00001087  .00000550
T1-35 .100 3453, 981, 300866. 9170k, 1465 .00001225  .0D000A3L 0074l 3.564 -106. -T1-
15.62 .1 3475, 981. 298337, 90933 14556 .00001209 00000523 . 4.021 -56. -bg.
75.97 2117 3495, 982, 296071. 90243, 1438 00001431 ,00000737 00933 4. 468 ~80. -63.
75.30 Q34 3517. 982, 293723, 89527. 1.412  .00001644 00000848 01043 5.009 -89, -58.
Th.52 123 3541, 982. 290970. 86668. 1.k28  ,00001kTE  .00DOOTS0 .01181 5.652 7. -1k,
13.74 .190 3565. 985. 288198. 87845, 1.355 .00002370  .00001222 01345 6.437 -130. -90.
T1.74 187 3628. 98k, 281005, 855650, 1.350 ,00002249 00001159 .01865 8.928 23, -5.
71.31 .220 36k2. 985. 2794k2, B517h. 1.333 .00002582 .00001382 .01985 9.505 -29. -3k,
58.12 .323 3742, 986. 267666. 81585. 1,271 .0000392%  .00002022 ,03191 15.279 jUN -10.
67.80 .365 3752, 987. 266467, B1219, 1.251  .00004483  ,00002310 .03349 16.036 -25, =32,
57.41 365 3764, 987. 265001, BoT72. 1.251  .0000W4SH 00002295 .03555 17.021 5. -15.
67.05 RSE] 3775, 987. 263644, 80359. 1.219 .00O0S465  .000028:7 .03756 18.03%0 -55. ~51.
66.69 +505 3787. 988. 252082, T90Lk . 1.196 00005375  .00003285 0019 19.240 -93. -70.
66,32 400 3799. 988. 260879. T9516. 1.237 00004854 00002502 .0k255 20.419 s2. 11.
65.97 526 3810. 986. 259548, T91i0. 1.190 .00008599  .0Q003401 .04s503 21,558 63, -53.
65.34 .566 3830. 989. 2571k, 78377. 1.178  .0000T103  .0000356L .05021 24.038 -48. -b5.
6L .94 -55% 2. 989, 255607, T7905. 1.182  .00005884 00003546 .05358 25.653 -7. -22.
64.58 STT 3854, 989. 254221, TT487. 1.147 00008517  .000OMLMY 05694 27.264 -75. -60.
&b.25 .653 3864, 990. 252048, 77095. 1.154 00008219  .0000k23S 05031 28.678 -33. -35.
53.88 LT 3876. 990. 251516, 76652, 1.138  .00009127  .0O00kTOM .o5ka2 30,746 -5C, ks,
63.53 L7056 3887. 99C. 250157. 76248, 1.1 00008886  .00004580 0580 32.589 -k, -26.
83.07 710 3502. 990. 248366, 75702, 1.1%2  ,00008857  .0000L5T0 .07307 34,984 20. -T.
62.47 882 3921. 991. 2h5019. Tho87. 1,307 .00011262  .00005804 .0BOLT 38.527 -bh, N
52,06 .992 3934 991. 2hliho5. Thitg6. 1,004 00012738 00005564 08554 k1,438 -6k, -5k,
57,76 2990 304k, 992. 243227, Th136. 1,095 00012641 00005515 09125 43,595 -ho. -ho,
51.45 1.032 3954, 992. 22042, T3TTh. 1,092  .00013139  .00006772 09607 45.997 -3k, -37.
50.25 1.245 3993. 993. 237234, 72309, 1.077  .00015782  .00008134 J11791 55.452 -25. -32.
59.55 1.301 5. 994, 234431, 71455, 1.075 .00016351  .0000B42T .13209 63.245 1. -12.
58.90 1.502 4037, 99k 231814, 70657, 1.063 .00028893  .00009737 14660 70.192 -8. -22.
58.55 1.586 . 995. 230399. 70225, 1.059 .0001992°  .00010267 .15525 Th. 536 -6. -21.
58.32 1.690 Los6, 995. 226u67. 59942, 1.05%  .00021259 00010957 .16131 T7.233 -18. -28.
57.90 1.710 Lov0. 995. 227761, 69422, 1,054 ,00021373  .0001'016 .17278 82,728 1, -12.
57.51 1.935 4083, 99%. 226171, 68937. 1.043 .00024281  .00012514 L18421 68,199 -18. -28.
57.16 1.945 . 9%6. 2247ko, 68501. 1.044 00024268  .00012508 19509 93.409 9. -13.
. 1.967 4207, 997. 223182, 68026, 1.043  .0002k03  .000125T7 .20705 99.137 35. 1.
56.48 2.2718 4117, 97. 221948, 67650, 1.031  .00028479  .0001kET8 21733 104.055 -16. -27.
56.20 2.291 4126, 997. 22079k, 67298. 1.051  .00028514  .00014696 22772 109.029 6. -15.
55.69 2.429 L1b3, 998. 218685. 66655« 1.027  .00030117  .00015522 au722 118,368 19. -8,
5k .67 2.829 178. 999. 21442, 65362, 1.015 .00034923  .00017999 +29070 139,186 25. -k,
54,31 3.072 k190, 1000. 212935, 3. 1.008 ,00037962  .00019565 30802 147,480 13. -11.
53.97 3.184 La2o2. 1000. 211508. . 1.006 .00039235  .00020222 32542 155.808 2k, -5,
52.1k 4.238 L266. 1003. 203760, 62106. .983  .00051882  .00026T40 L3619 208.848 30, -2,
51.87 L.574 L6, 1003. 202607, 61755. 977 .00056118  .00028923 L5587 218.268 14, -11.
50,50 5.335 4313, 1005. 198kl3. 6085 . 965 00065239 00033624 53559 256.440 19, -8.
50.54 5.589 Ls2h, 1006. 196868. 60012, 2962  ,00068190  .00035145 .56838 272,138 26. -b,
50.00 5.752 b3hl, 1007. 194548, 59298. .960 00069666  .00035905 .619k0 295.558 58. 15.
49,75 5.213 43535, 1008. 193461, 58967. .953  .00075456  .00038890 JGUl3h 308.511 38. 3.
Lg.k2 5.193 4356, 1008, 192022. 58528. W96 00082698  .000k2623 68031 325.730 20. -7.
by,02 7.202 4381, 1009. 190273, 57995 JG42 00087506  .0O0OWS5100 J72740 348,280 25. -5.
48.68 8.759 L3k, 1010, 1688781, 57541, 924 00107788  .00055554 LTT334 370,272 L2, <.
47.99 8.602 B2z, 1012, 185739. 56615. 927 .0010k223 00053716 .87539 419.135 %0. -2.
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TABLE VI

PROCESSED DATA, FLIGHT 10.50, 7-IN. SPHERE, DOWNLEG TRAJECTORY

Processed Data
Seven Inch Sphere Flight 10, 50
Down Leg Trajectory

TIME DRAG VELOCITY VELOCITY ALTITUDE ALTITUDE DRAG DENSITY DENSITY PRESSURE PRESSURE TEMPERATURE
SECONDS ACCEl, VERTICAL HORIZONTAL FEET METERS COEFF, SL/CU FT KG/CU M, LB/SQ FT DYNES/SQ CM
FT/SEC FT/SEC FT/SEC X1000

189.75 000 950. Lobsua, 150676.
302.56 128 -3468. 981. 299168. 91187. 1.418  .00001607  ,Q00Q0B28
303.38 101 -3491. 981. 296663, 90k23. 1464 ,00001213  .00000625 .01087 5.202 62. 17.
304,06 a3 -3512. 982, 294283, 89697. 1.415  ,00001609  .00000829 .01191 5.702 -29. =34,
305.47 42 =3555. 982, 289301, 88179. 1404 00001719  .00000886 ,01ks51 6,948 32, .
306.81 194 -3597. 983. 284510, 86719. 1.352  .00002386  .00001230 01757 8.4ko9 -31. -35,
307.92 243 -3631, 984, 280499 85496 1.315  .0CO0301! .00001556 ,02095 10.029 -56. =49,
309.34 290 -3675. 984, 275312 83915 1.287  .00003600 ,00001856 .02632 12,602 -3, -37.
310.02 .29 -3696. 985, 27 83151 1.314  .00002995  .000015k4k 02691 13,841 103, 39.
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Fig. 1. EJjector pods on tail of Cajun.

Fig. 2. Grenade Cajun nose Fig. 3. One-meter corner reflector sphere.
cone, uncovered.
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Fig. 18. Density function vs. smoothing parameter Az, 105 km.
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